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Abstract--One of the earliest effects observed in rat liver after CCIz administration is inhibition ol an 
ATP-depcndcnt cak'ium pump found at the endoplasmic rcticulum. This report confirms that the amount 
of calcium associated with the microsomal fraction is reduced after CCI~ administration and. for the 
first time, demonstrates time-, dose-, and metabolism-dependent relationships between inhibition of 
the liver microsomal calcium pump and the amount of calcium found in the microsomal fraction. 
Furthermore, rclease of calcium from the endoplasmic reticulum is shown to cause activation of a 
cytoplasmic enzyme that responds to increases of ionized calcium, glycogen phosphorylase. This suggests 
that the endoplasmic reticulum calcium pump sequesters an intracellular pool of calcium within the 
endoplasmic reticulum. This pool of calcium may be released into the cytoplasm as a conscquencc of 
inhibition of the calcium pump by CC14. 

Microsomal fractions isolated from a number  of 
nonmuscle cells and tissues have an energy-depen- 
dent calcium uptake system [1-3]. Several inves- 
tigators have noted similarities bctwecn these cal- 
cium uptake systems and the skeletal muscle 
sarcoplasmic reticulum calcium pump. These simi- 
larities have led to the suggestion that the microsomal 
calcium uptakc system is an cndoplasmic reticulum 
(ER)  calcium pump which functions to scquester  
cytoplasmic calcium and thus participates in regu- 
lation of ionizcd calcium in cytoplasm [4. 5]. 
However ,  there is little evidence demonstra t ing that 
a pool of calcium sequestered by the microsomal 
uptake system can be released by a hcpatotoxin.  

Reynolds et al. [6] demonst ra ted  that in vivo 
administrat ion of a hepatotoxin such as CCI4 results 
in a prompt,  extensive loss of livcr endoplasmie 
reticulum associated calcium. This change in micro- 
somal ¢endoplasmic retieulum) calcium content 
occurs within 15 min after CC14 administrat ion to 
phenobarbi ta l -pre t rea ted  animals. It has been 
reported that in vivo administrat ion of CCI., [7, 8 I 
and other  chlorinated hydrocarbons [8, 9] results in 
inhibition of the microsomal calcium pump. The 
present report  shows that loss of calcium from the 
microsomal fraction correlates with inhibition of the 
microsomal calcium pump when dose- response  and 
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temporal  relationships are considered,  and when 
hepatotoxicity of the chlorinated hydrocarbon is 
modified by pre t rea tment  of animals with com- 
pounds that alter drug metabolism. To demonstra te  
that ionized calcium in cytoplasm is increased after 
CC14, we examined the activity of an cnzvmc that 
responds to changes of cytoplasmic calcium. Phos- 
phorylasc a activity was increased aftcr adminis- 
tration of CCIa to an animal.  These results suggest 
that thc liver cndoplasmic reticulum (microsomal)  
calcium pump sequesters a calcium pool in situ and 
thus provides evidence that this calcium pump par- 
ticipates in regulation of cytoplasmic calcium. 

M E T I I O I ) S  

AnimaL~ and hepatotoxin administration. Male 
Sprague-Dawley  (Taconic Farms) rats with body, 
wcights of 21)0-31)(I g were used for this study. Ani- 
mals were allowed frcc access to food and water 
throughout  the experiments  except as noted. Chlori- 
nated hydrocarbons were administercd intraper- 
itoncally (i.p.) in corn oil. Control  animals rcceivcd 
equivalent  volumes of corn oil i.p. In indicated 
experiments ,  rats wcre prctreated i.p. with pheno- 
barbital (80 mg/kg)  72, 4g, anti 24 hr before adminis- 
tration of the chlorinated hydrocarbon.  One  group 
of animals was pretreated i.p. with beta-diethvl- 
aminoethyl diphenylpropylacetate  (SKF-525A. 
37.5 nlg,,"kg) 45 rain bcforc administration of C('I~. 
[ tepatic injury was assessed bv dctcrminat ion of 
glutamic/ 'pyruvic transaminase in serum (S(]PI ' )  
with a commercial  kit (Sigma (heroica l  Co..  St. 
Louis. MO).  

Calcium determination in ,~uhcelhdar l}action.~ and 
whole liver. Samplcs of liver were rinsed, wcighed, 
dried overnight  at 95 ~, and tinally ashed for 72 hr at 
600 °. The ashcd samples were collected in II.l N I t( ' l  
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containing (I. 1('~ LaCI,+. Calcium associated with the 
homogenate  and with subcellular fractions of liver 
was determined its described by Schmidt and Way 
[101. Results for whole liver were expressed as L£g 
calcium.."g tissue (wet weight) and for homogenate  
or subcellular fractions as !+g ca lc ium/mg protein. 
( 'alcium was detcrmined with a Pe rk in -E lmer  NI3 
atomic absorption spec t rophotometer  using an acety- 
lene--air tlamc. 

Calcium pump determination. Calcium pump 
activity was determined with the microsomal fraction 
its described previously [7. 9]. Briefly, microsomes 
were prepared as the 12,50(I-105,000g pellet from 
homogenatcs  in 0 .25M sucrose. Calcium pump 
activit', was determined v,'ith [~SCaZ-] in a medium 
containing 100 mM KCI, 3(1 mM imidazole-his t idine 
buffer (pH 6.81. 5 mM sodium azidc, 5 mM 
ammonium oxalatc,  5 raM MgCI:,  5 raM ATP.  
20 uM CaCIz ([+SCa:-l, 1 !+(Ti/ml) and 20-40 !.+g.,"ml 
microsomal protein. Protein concentrat ions of 
naicrosomal suspensions '+vere determined bv the 
I,owrv method as described by Shatkin [111. 

('ulcium binding determination. Passive binding of 
calcium to the microsoma] fraction was determined 
in the following medium: 100 mM KCI. 3(1 mM imi- 
dazole-hist idine buffer ( p H 6 . 8 ) ,  5 r a m  MgCI:,  
5 mM N a N >  2tl .uM ( 'aClz ((4SCa-" ], 0.2 .uCi/ml) and 
200-4110 !+g nficrosomal protein,.:ml. At t imed inter- 
vals. 0.5-ml samples were removed and processed as 
described for the calcium pump determinat ion [7, 9]. 

Pho~phorylase a determination. To determine 
phosphorylase a activity with as little intluence from 
environmental  stimuli as possible, the following pro- 
cedure was rigorously adhered to. Rats received i.p. 
injections of CCla at 8:(l(la.m. Food was withheld 
from tile animals after this time. Sampling occurred 
15 rain to 24 hr after CCI.~ administration. Fifteen 
minutes prior to the t ime liver tissue was sampled,  
pcntobarbital  was given in an anesthetic dose (50 mg." 
kg. i.p.I. At the time for sampling, a midline incision 
was made on the abdomen of each rat and a portion 
of tlac left tnedian lobe of the liver ,,','as rapidly frozen 
I-~ct̀ '̀ ' con aluminium blocks cooled to the temperature  
of liquid nitrogen. Phosphorylase a activity and phos- 
phorylasc a + t~ activities were determined by the 
method of Golden et al. [12] modified to include ltlC; 
1.2-dimethoxvcthane for determinat ion of phos- 
pht~rylasc a + h its described b'+ l ' h ing  et al. [131. 

(;lyco~,en end adenosim" Y:5'-cvc/ ic  nlOnophos- 
uhute determinations. Glycogen wits de termined its 
described b'+. t lui j ing 114]. Adenosine  Y:5 ' -cvcl ic  
naonot~hosphatc (cAMP) `'`'as measured by the pro- 
tcm binding method of (}ilman and Murad 115] as 
naodilied b'+ BrostronT and Kcm [16}. 

Statistical unah'si~. Statistical signilicance of the 
t reatment  effect tlpc, n phosphorylase a activity '̀,+as 
de lc tmined  bv a test of the F-values following a two- 
~`'ax ana lys i so f  variance ( A N ( ) V A )  with repeated 
measure,; of the randomized block design [171 . 

RE,%I t .'11~ 

l)o~e-r('.V~onse relationship between inhibition of  
the micro~omal calcium pum]> and loss of  microsomal 
calcium after ( ' ( ' la  treatment. As previously described 
[91 . t reatment  of rats with ('('14 results in a dose- 
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Fig. 1. Effect ot (TCla administration to rats on calcium 
binding and calcium pumping by a liver microsomal sub- 
cellular fraction. Rats were treated ~ith various, doses of 
CC1, and killed 2 hr later. Liver microsomes were isolated. 
and passive calcium binding and active, energ?,-dependcnt 
calcium pumping activities aere determined as dcscribcd 
in Methods. The results shown are the mean -+ SE.M. for 
the determinations with tire to seven microsomal 

preparations. 

dependent  loss of calcium pump activity in isolated 
liver microsomal fractions. Rats `'+'ere treated with 
C C I  4, killed 2 hr later, and microsomal fractions 
isolated. At the maximal dose examined (3 ml/kg).  
CC14 decreased microsomal calcium pump activity 
90¢+- (Fig. 11. At lower doses (1 to 0.113ml/kg). 
progressively less inhibition of the calcium pump was 
o b s e r v e d  In addition to sequestration of calcium 
by the energy-dependent  calcium pump. calcium is 
passively bound to microsomal membrane  com- 
ponents [18]. Passive binding of calcium to micro- 
somal membranes  was not altered by CCI~ treatment 
( F i g .  1 ). 

Previous reports have shoven that calcium associ- 
ated with the microsomal fraction is reduced sig- 
niticantly when the microsomal fraction is isolated 
from an animal t reated with CCla [6, 9, 19]. l,oss of 
calcium associated with a subcellular fraction was 
relatively specific for it port ion of the microsomal 
fraction (Table 1). I+oss of calcium from the mem- 
brane fractions isolated from livers of animals treated 
with CC14 occurred principally in a "'light" micro- 
somal fraction sedimentmg between 32.500 and 
105,1.)00 g. Forty-five percent of the calciunl normall'+ 
associated with this fraction was released after ('CI.+ 
treatment.  A "'heaxv'" microsomal fraction sedi- 
menting between 12.,~00 and 32,5110 t~ released 2{Vi 
Of the tnembrane-associated calcium found in that 
fraction (Table 1 ). In contrast,  previous reports ha: c 
shown that calcium is accumulated bv mitochondrial  
fractions isolated from liver of rats treated with ( ' ( ' I x  
[7. 21.)]. This was interpreted its mitochondrial  
accumulation of extraccllular calcium leaking 
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Table 1. Calcium associated with liver subcellular fractions 

Calcium (/.~g,,,mg protein) 

Subcellular fraction Control CCI4 treated 

1.50tl g Pellet I).385 _+ 0.054 0.393 -+ (I.038 
4.500 g Pellet (I.561 _+ (I.048 1.01 +- (I.228 

12,51~) ~., Pellet 0.465 - 0.051 0.446 -+ 0.066 
32,500 ,~ Pellet 0.476 _~ 0.024 0.386 -+ 0.034 

105.000 g Pellet 0.461 _+ 0.079 I).253 -'- 0.(H0 
105.tXI0 g Supcrnatant <11.112 <0.02 

Rats were treated with corn oil (control) or CC14 (3 ml,," 
kg) in corn oil. One hour after treatment the animals 
,,,,ere killed and liver samples were homogenized in 0.25 M 
sucrose. The indicated pellets or supernatant were isolated 
with the following centrifugation scheme: 1,500 g x 10 min, 
followed by 4.500g for 10 rain. followed by 12,500g for 
10rain. follo~ed by 32.500g for 10rain. and finally 
105,000g for 60 min. The microsomal pellet used for the 
calcium pump determination has been subdivided into 
32.51~) ~ and 105.(g10 g pellets for this determination Cal- 
cium in the fraction was determined as described by 
Schmidt and Way [10]. Results are expressed as the mean 
-+S.E.M. for the determination on fractions isolated from 
four animals in each group. 

through damaged  hepatocel lular  plasma mem- 
branes.  However .  a port ion of the calcium accumu- 
lated by mi tochondr ia  may have come from intra- 
cellular stores.  At  this early t ime point  (1 hr),  there 
was no change in total liver calcium (data not shown),  

and the hepatocel lular  plasma memb ran e  had not 
been sufliciently damaged  to allow leakage of cyto- 
plasmic enzymes  (as an example  see SGPT in Fig. 
3). A pellet (1501~-451X)g pellet) containing mito- 
chondria  had almost  twice the normal amount  of 
calcium (Table 1). 

There  is a dose -dependen t  inhibition of the liver 
microsomal  calcium pump and release of calcium 
from the microsomal  fraction. When  rats were 
t reated with increasing doses of CC14, microsomal 
calcium levels and inhibition of the microsomal cal- 
cium pump were approximately  linearly related 
be tween  doses of 0.03 and 1 ml/kg (Fig. 2). Only at 
the highest dose tested (3 ml/kg)  was less calcium 
released than would be predic ted from calcium pump 
inhibition. In this group of animals,  slightly more 
than half of microsomal  calcium was released when 
the calcium pump was inhibited 909,~. In this exper- 
iment,  passive calcium binding assayed in tqtro was 
reduced only 109,~ at the highest CC14 dose tested 
(data not shown).  

Temporal relationship between inhibition oJ the 
microsomal calcium pump and loss oJ microsomal 
calcium aJter CCI4 treatment. Shortly after (_'CI.~ 
administrat ion,  both endoplasmic  reticulum calcium 
levels and calcium pump activity decline. During the 
first 4 hr after CCI~ adminis t ra t ion,  these decreased 
approximately  in parallel (Fig. 3). During this same 
time span. total calcium in the liver was not changed 
significantly, and significant SGPT activity did not 
appear  in serum. A n o t h e r  hepa to toxin ,  CHCI.,, is 
repor ted  to be a potent  hepatotoxin  in phenobar-  
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Fig. 2. Relationship between inhibition of liver microsomal 
calcium pump and reduction of calcium associated with 
liver microsomes isolated from rats treated with CC14. 
Rats were treated with CCI, and killed 2 hr later. Liver 
microsomes were isolated: calcium associated with this 
fraction (microsomal calcium) and calcium pump activity 
were determined as described in Methods. The data rep- 
resent the mean -*S.E.M. for the determinations in five to 
seven microsomal preparations. Groups shown received 
the following doses of CCla (left to right): 3, 1, 0.3. 0.1. 

0.113 ml/kg and control, top right. 
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Fig. 3. Temporal relationship (hours) between inhibition 
of liver microsomal calcium pump and loss of microsomal 
calcium after administration of CCI.~ to rats. CCI. ( 1.5 ml/ 
kg) was administered, animals were killed at timed inter~ als 
up to 4 hr, and microsomal fractions were isolated Calcium 
pump activity (PU MP). microsome associated calcium (Ms 
Ca" ), SGPT. and tissue concentrations of calcium (I,IVER 
Ca z-) were determined as described in Methods. Each 
point represents the mean -+S.E.M. fi)r the determinations 
in preparations from live animals. Control values were: 
PUMP, 160 _-z_ 15.7 nmoles calcium/rag protein/3II rain: Ms 
Ca: ' .  0.358" 11.[1212!~g calcium/mg protein: SGPT. 
54 ~- 3I.k;../l: and LIVER Ca: ' .  68 ~ 7.3.ug calcium/'g 

l iver.  
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Fig. 4. Temporal relationship bct~cen inhibition of liver 
microsomal calcium pump and loss of microsomal calcium 
after administration (51 C! I(-'l, t(5 ratx. Rats ~,,erc pretreatcd 
with phenobarbital (SO mg.kg.days × 3L (71-t('l, (11.3 nil. 
kgl and killed up to 3hr  after CHCI, administration. 
Samples 'a.ere isolated, and activities or concentrations 
,.,,ere determined as described m Methods. Abbreviations 
on the tigurc arc identical to those on Fig. 3. Each point 
rcprc~,ents the mean =S .EM.  for the dctcrnunation in 
prcparatiom, from live animals. Control values were: 
PUMP. 119 • 5.5 nmoles calcium.mg protein 3(1 min: ?*Is 
Ca-". 0.345 ' (I.(1165 .{Le. calcium, mg protein: SGPI.  
34 ' 9 I.U..I: and I.IVER Ca: ' .  6(I + 3.5 ttg calcium.g 

liver. 

tq ta l -p re t rca tcd  rats [21]. CH( ' I3  marked ly  inhibits  
the liver endop lasmic  re t iculum calcium p u m p  and 
releases calcium from microsomal  m e m b r a n e s  [9]. 
In the p h e n o b a r b i t a l - i n d u c e d  animal ,  the t ime course 
of calcium release f rom the endop lasmic  re t iculum 
paral le led loss of calcium pump  activity (Fig. 4). 
"lv.o hours  af ter  admin i s t r a t ion  of this hepa to toxm.  
calcium had not accumula ted  in the liver and S G P T  
activity had not appea red  in s e r u m  

The  tempora l  re la t ionship  be tween  endoplasmic  
re t iculum calcium and  calcium p u m p  activity was 
examined  over  ex t ended  t ime periods,  for a per iod 
of 4 days af ter  admin i s t ra t ion  of a single dose of 
( ' ( ' I t ,  inhibi t ion of the cndoplasmic  re t iculum p u m p  
and the quant i ty  of calcium associated with these 
m e m b r a n e s  approx imate ly  para l le led  each o the r  
(Fig. 5). As S G P T  activity and  total  liver calcium 
decreased tov,ard norrna l  levels ( int l ieatmg r e c t o e r r  

from the toxic insuh) ,  calcium pump  acti',it', ~ and 
calcium associated with the m e m b r a n e s  increased 
toward normal  values.  

[-ffi'cts" o] altered drug-ntetabolizing a(tit,itv on 
chlorinated hydrocarbon inhibition of  liver micro- 
somal calcium pump actit,itv and release of  lit,er 
micro.somal cah'ium. CI tCI: and C'(?l 4 arc acti', a tcd 
to toxic metabol i tes  b,, the ev tochromc  P-45tI drug- 
metabol iz ing  enzyme system. Induct ion of this 
enzyme system by p r e t r e a t m e n t  with phenobarb i t a l  
increases hcpatotoxic i t  3 of both  CH('I~ [9. 211 and 
((_la [ 6. 221. On the o the r  hand .  inhibi t ion of metab-  
olisln of ('CI4 by p r e t r e a t m e n t  v, ith c o m p o u n d s  such 
as SKF-525A decreases  liver damage  produced  b~ 
CCL [23]. A l t e ra t ion  of the liver endoplasmic  retic- 
ulum drug-metabo l iz ing  activity, and hence  hepato-  
toxicity of ('(71.~ and ( ' H C I >  has been  used as ano the r  
vpproaeh  to corre la te  the effects of these agents 
on the nt icrosomal  calcium pt, mp and  release of 
micrt)somal calcium, l - 'henobarbi ta l  induct ion of the 
cy toehromc P-450 system markedly  po ten t i a t ed  bo th  
inhibi t ion of the microsomal  calcium pump  and 
release of calcium from the microsomal  fract ion fol- 
lo,,ving ( ' | tC I~  (Table  2). .Similar results were 
observed  whcn  the effect of ('('1.; on the calciunt 
pump  and on microsomal  calcium ~.~..ere compared  in 
nornaal and phenoba rb i t a l - i nduced  animals  (Table  
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Fig. 5 ]cnlp,,sral relationship (days) b,:t',.~.c,.:n inhiP, iti,,m ot 
liver microsornal calcimn pump and loss ol microsomal 
calcium after ( 'Cl: administration. Rat.,, v.erc trcatt:d and 
samplc~, prepared a~, described m Fig. 3 except that animal,, 
were killed up to 4 da.~ ~, after ('('1, administration. Abbrevi- 
ations on the figure arc identical to those on [zig. ?,. Each 
point represents, title illC:.in .-: S.E..",I. for Ih¢ determi[lations 
in preparations, [rom live animals. ( 'ontrol ,.alues ~,cre: 
PI.LMP. IS4 .: 13 nlllOleh calcit, m Illg protein 30 rain: M~, 
( ' a : .  0.375 -l).t)l(151g cah.'ium mg protein: S(HrI" 
43~_ l ( l l l . "  [: and I.IVER ('a'- . 5-1 ~ 3.3!~g calcium e 

h~cr. 



t lepatotoxins and liver E R calcium 4135 

Table 2. Effect of phenobarbital induction on CHCI ~ inhibition of livcr microsomal calcium 
pump and rclease of calcium from the microsomal fraction 

Calcium pump activity Microsomal calcium 
(nmoles Ca-" .'mg protein/30 min) (~g Ca :  "mg protein) 

Control 124 ± 5.4 0.30 .+_ ()A)2 
CHCI~ 101 #- 9.1 0.29 , 0.1)3 
Phenobarbital 

control 122 = 4.9 0.20 _+ 1).03 
Phenobarbital 

CHCI, 23.1 : 5.3 0.15 _, I).1)2 

Control and phenobarbital-induced control rats reccived corn oil. Phenobarbital- 
induced animals were pretreated with daily injections of 80 mg/kg for 3 days. One day 
after the last phenobarbital dose, CttCI, was administered at a dose of 0.3 ml,,'kg in corn 
oil. Two hours later the animals were killed. Liver microsomes were isolated, and 
microsomal calcium pump activity and microsomal calcium werc dctcrmined as dcscribcd 
in Methods. Data arc cxprcssed as the mean -+S.E.M. for determinations in six microsomal 
preparations. 

3). It was clear that ,  when CCIa hepatotoxici ty was 
increased by phenobarb i ta l  p r e t r ea tmen t ,  the effects 
on both  the microsomal  calcium pump and on micro- 
somal calcium were  po ten t ia ted .  On the o ther  hand,  
when hepatotoxici ty  of  CCla was decreased  by pre- 
t r ea tment  with SKF-525A,  the effects of CC14 on 
both  calcium pump activity and release of calcium 
from intracellular m e m b r a n e s  were a t tenuated  
(Table 3). 

Effect o f  CC14 administration on phosphorylase a 
activio'. In liver tissue from rats that  received CCI.t, 
phosphorylase  a levels were 33% higher as early as 
30 rain after CC14 and 50% higher  by 60 min after 
CC14 (Fig. 6). By 24 hr after CCIa, phosphorylase  a 
levels remained  e levated  over  control  levels. The 
diurnal fluctuations characterist ic  of this enzyme 
were not a l tered bv CC14 adminis t ra t ion.  The dif- 
ference be tween  phosphorylase  a levels found in 
CCl4-treated and control  animals was significant for 

the t rea tment  as a whole.  Total liver phosphorylasc  
activity (a and b forms) did not differ be tween the 
control and t rea ted  groups at any time point exam- 
ined, except at 24 hr (data not shown).  By 24 hr there 
was significantly less total phosphorylase  activity in 
the liver of rats that had received CCIa. 

Changes  in hepatic glycogen content  and c A M P  
levels were investigated in liver tissue of rats that 
received CC14. To confirm that conversion of phos- 
phorylase b to the a form actualh'  occurred m Ifil,o, 
liver glycogen concent ra t ions  were de te rmined .  
Accelera ted  deple t ion of liver glycogen from liver of 
rats that received CCI.t retlected prolonged activation 
of liver phosphorylase .  In the control  group,  a steady 
decline of glycogen content  from 40 mg..'g liver to 
essentially zero by 24 hr was observed (Fig. 6). This 
is consistent  with the fact that food was withheld 
from all animals after ('C14 administrat ion.  Following 
CCI~, liver glycogen concent ra t ion  was 25(~ lower 

Table 3. Effects of altercd drug metabolism on CC14 inhibition of liver microsomal calcium pump and 
release of calcium from the microsomal fraction 

Calcium pump activity Microsomal calcium S( iPI  
(nmolcs Cae'./mg protein.."30 min) (!~g C a : / m g  protein) (I.U .1) 

Control 181 ± 3.8 0.29 _+ 11.112 
CCIa 87.1 ± 6.9 148C,~,) I).22 _+ 0.3 (7Y,,:) 
SKF-525A 152 + 9.9 0.27 _+ I).1)3 
SKF-525A + CCI4 111 -+ 9.4 (73<~) 11.24 _+. 11.02 (88c~ -) 
Control 173 -+ 19 I,).29 "_ 0.03 
CCIa 136 -+ I I (79c?,: ) 0.23 ~ ().03 (78%) 
Phenobarbital 

control 153 -- 5.2 l}.26 ± 0.03 
Phenobarbital + 

CCI~ 77.3 ± 6.5 151~::~) 0.17 .-: 0.02 (64~,: ) 

38 _+ 9 
31 ± 14 

3 3 ;  7 

(-,114 : l l l l  

Beta-diethylaminoethyl diphenylpropylacetate (SKF-525A) prctreated animals received 37.5 mg kg 
45 min before CCI.. at a dose of 0.3 ml/kg. These animals were killed 24 hr later. Phenobarbital 
pretreated animals received 80 mg/kg/day tor 3 days. One day later rats reccived (?CI~ ,it 0.1 ml. k.e 
and were killed 24 hr later. Calcium in the microsomal fraction and calcium pump activity m the [racti(m 
were determined as described in Methods. Results arc expressed as the mean ~-S.E.M. Ior the 
determination on microsomal fractions isolated from six animals. For CCI~ treatcd groups, the number 
in parentheses is percent of the respective control. 
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Fig. 6. (Fop) lime course ol appearance ol glycogen phosphorylase u activity liver after ('C'l: (1.5 ml 
kg) or corn oil I('.O.) administered at zero minutes. Data represent the mean =S.E.M. from three to 
live rats at each t i m e  point. Results arc cxpressed as nmoles glucose incorporated into glycogen rag 
protein, rain and are corrected for variations in total phosphorylase (b - a )  activitv. (Bottom) Time 
course of disappearance of liver glycogen after CCI~ ( 1.5 ml .:kg) or corn oil (C.O.) aciminlstered at zert~ 
minutes. I)ata represent the mean +S.E.M. from three to five rats at each time point. Results are 
expressed a,; mg glucose liberated from gl.vcogen/g liver. Differences bemeen (('1~ and ( ' ( ) .  are 

significant by a test of the F-values (P < 0.05) following a t~vo-~av ANOVA 

at 30 mill and remained  lower than in the control  
group until morc  than 8 h r  after the C(14 dose.  
As with phosphor.vlasc a activity., this effect was 
signilicant when cons idered  for ( 'Cla t rea tment  as a 
whole. Paradoxically,  glycogen content  was 
increascd slightl} at 24 hr after CCIa. Perhaps  gly- 
cogen svttthesis occtlrrcd ill tile animals recovering 
from ('('14. It was observed  that the s tomachs of 
these ammals conta ined food at this t ime, unlike the 
s tomachs of the control  animals. Measurcment  of 
] i v c l  L':~IP c t u l C U l l t r a t i o n s  demons t r a t ed  no stat- 
istically signilicant dif ferences  betwectl  t reated and 
controi groups at any time (data not shov, n ) .  c A M P  
concentra t ions  averaged I).f to ().N p m o l e . m g  liver 
at all tittle poilllS. 

I)I,~('I,~SION 

Earlier studies demonstrated reduction of the 
amount of calcium associated with liver KR after 
CCIa administration to an animal [6]. This suggested 
that ('('14 metabolites nlight disrupt calcium hom- 
eostasis in liver cells. Several years later it was noted 
that CCI., administrat ion to an animal inhibited cal- 
cium pump activity associated with liver ER {7, 9]. 
If these events were related,  it could suggest that the 
liver ER calcium pump sequesters  an intracelluhtr 
pool of calcium in the ER.  The resuhs presented  
here demons t ra te  for the first time a correlat ion 
between ('C14 dose and responses  of both KR calcium 
pump activity and ER calcium levels. The results 
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p resen ted  here  also d e m o n s t r a t e  that  this cor re la t ion  
existed not only when  hepa to tox ic i ty  of CCI.~ was 
increased hut also when  hepa to tox ic i ty  of CCI.~ was 
decreased  by modifying drug me tabo l i sm (Table  3). 

One  ques t ion  raised by m e a s u r e m e n t  of calcium 
associated with E R  canno t  be answered  with tech- 
n iques  present ly  avai lable .  It is not ent i re ly  clear if 
the decrease  of calcium in the E R  occurs in the intact  
cell or is the result  of a red is t r ibu t ion  art ifact  af ter  
homogen iza t ion  of thc tissue. In this work,  an 
a t t empt  was made  to p reven t  red is t r ibu t ion  art ifacts  
by p rompt ly  cool ing small  samples  of liver. It should  
he no ted  that  the levels of calcium repor ted  here  are 
similar to those found in a n o t h e r  study in which 
La(71~ was added  to homogen iza t i on  m e d i u m  to mini- 
mize red is t r ibu t ion  [9]. This  s tudy suggests that  the 
decrease  of E R  calcium obse rved  here  represen t s  
loss of calcium from this organel le  m l,ivo. 

Convers ion  of phosphory la se  b to phosphory lase  
a provides  ev idence  that  inhibi t ion of the E R  calcium 
p u m p  by CCI.~ does release an in t race l lu lar  pool  of 
calcium in vi t ,o .  COla ~,dministrat ion did not  change  
the total  quant i ty  of the enzyme  presen t  in liver, but 
did conver t  (by phosphoryh ,  t ion)  phosphory lase  b to 
the a form. D e t e r m i n a t i o n  of c A M P  levels allows us 
to conclude that ,  within the first 8 hr af ter  (7('14 
admin is t ra t ion ,  the  convers ion  of phosphory lasc  to 
the a form was i n d e p e n d e n t  of a de tec tab le  increase 
in cAMP.  These  results  are cons is tent  with the inter- 
p re ta t ion  that  e leva t ion  of phosphory lase  a af ter  
CCla admin i s t r a t ion  in t , ivo occur red  in a calcium- 
d e p e n d e n t  manne r .  P re sumab ly  this rctlects an effect 
of the ca l c ium-ca lmodu l in  complex  upon  phos-  
phorylase  kinase,  the ca l c ium-dependen t  kinasc in 
the phosphory lase  cascade [24]. 

Cur ren t  ev idence  suggests tha t  ionized calcium in 
liver cell cytoplasm is in the range of 100-300 nM 
[4, 25, 26]. It is likely that the liver ER calcium pump 
contributes to maintenance of this level of calcium 
ion by sequestering calcium in the ER [4, 5, 7]. A 
substant ia l  a m o u n t  of calcium can be re leased from 
E R  bv CCla act ion.  Based  upon  data  p re sen ted  in 
Tables  1-3 and es t imates  of ionized calcium in cyto- 
plasm [4, 25, 26]. it has been  calculated that  maxi'mal 
doses of CCIa used in this s tudy could increase  cal- 
cium in cy toplasm by as much as 100- to 1000-fold. 
It is possible that  such an increase  of ionized calcium 
in cytoplasm can act ivate  ca lc ium-s t imula ted  
enzymes  that  can d a m a g e  cel lular  m e m b r a n e s  suf- 
ficiently to al low influx of ext race l lu lar  calcium and  
produce  cel lular  necrosis  [27]. At  the highest  dosage 
of CCla employed  in this study, there  is no change  
in total  l iver calcium [7, 9] or in h o m o g e n a t e  calcium 
(data not presented) within 2 hr. However, calcium 
associated with the pel let  con ta in ing  mi tochondr i a  
was almost  doub led .  At  the same t ime.  the micro-  
somal  pellet  had  lost calcium. Mi tochondr i a  have 
been  shown to accumula te  subs tant ia l  calcium loads 
dur ing  the later  stages of CCl4- induced hepato-  
toxicity [7, 19]. It is possible tha t ,  in this expe r imen t ,  
at least par t  of the calcium lost f rom the mic tosomal  
fract ion was seques te red  by mi tochondr i a .  

In summary ,  the data p resen ted  here  d e m o n s t r a t e  
that  CCI.: admin i s t r a t ion  to rats inhibi ted  the hop,,tic 

ER calcium pump.  This  in turn re leased calcium 
from the E R  as reflected by decreased  calcium associ- 
a ted with the microsomal  fract ion isolated from these 
animals.  The  convers ion  of phosphory lase  b to the a 
form suggests tha t  CCIa admin i s t ra t ion  produces  a 
physiologically signiticant increase  of ionized calcium 
in the cytoplasm of the liver cell. It is possible that  
at p rokmgcd  e leva t ion  of calcium in these cells can 
init iate processes  that  cuhn ina te  in sufficient dis- 
rupt ion of the pe rmeab i l i ty  bar r ie r  at the plasma 
m e m b r a n e  that  dea th  of the cell occurs. 
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